Observation of spin freezing and relaxation at microwave frequencies in the spin 

ladder compound Sr 14: _ x C 1 a x Cii2iO '41 
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We report the observation of a frequency (ui) and temperature (T) -dependent loss peak in \" 
and accompanying dispersion in \' from microwave (2 — 18GHz) measurements of the complex 
susceptibility x(u),T) = X + *x" °f Sri4-xCa x Cu2i04i- We associate this phenomenon with a 
rapid decrease of spin disorder and corresponding spin relaxation rate, representing a "spin freezing 
transition" accompanying charge ordering which occurs at temperatures ~ 2507^ (for the x — 
compound). Our results enable direct quantitative measurements of the spin relaxation rate, and 
yield information on spin dynamics in these materials and the related compounds SrCuC>2 and 
Sr2 CuOz- 



The dynamics of the basic Cu — O building blocks 
of the high temperature superconducting cuprates is of 
great interest, as they may provide insights into the fun- 
damental magnetic and superconducting interactions in 
these materials. To this end the synthesis of the struc- 
turally simpler but related chain / ladder compounds in 
the Sr — Cu — O family represented an important step. 
It has since become clear that these spin chain / lad- 
der compounds possess unique and interesting quantum 
magnetic properties fjj and also display superconductiv- 

ity @- 

In this paper, we describe some novel observations 
related to spin dynamics at microwave frequencies in 
the spin chain / ladder compounds Srn- x Ca x Cu2iOu, 
SrCuC>2 and Sr^CuO^. In precision measurements at 
microwave frequencies (2 — 18GHz) of the dynamic mag- 
netic susceptibility x(u),T) = x' + ix" °f SrnCu-z^O^x, 
we observe a microwave loss peak appearing as a maxi- 
mum in the microwave absorption (i.e. %"), and accom- 
panied by a rapid decrease of the dispersion v/(w,T), 
both as functions of temperature. These features are 
strongly frequency dependent in the microwave frequency 
range and are not observed in static (dc) magnetiza- 
tion or resistivity measurements. The cause of this is 
a rapid decrease of the spin-spin relaxation rate which is 
extracted from the data, and indicates a rapid decrease 
in spin disorder below approximately in the x = 

compound. The peak temperature decreases with Ca 
doping. This is a dynamic magnetic signature of the on- 
set of charge ordering suggested by structural |l2| and 
NMR measurements [ {L5| . Additional magnetic relax- 
ation processes due to holes at high temperatures and 
dimer formation at low temperatures are also observed. 
The precision microwave measurements, which have a dy- 
namic range over several orders of magnitude, are thus a 
sensitive probe of electron spin relaxation in condensed 
matter systems. 

Samples of Sr\\Cu2\0\\, Sr\^ x Ca x Cu2AO\\(x — 
2,8, 11.5), SrCuC-2 and Sr 2 Cu03 were prepared by the 



floating zone technique [|3|. These single crystal samples 
have been extensively characterized by a vast array of 
measurements : dc resistivity, ac and dc SQUID suscep- 
tibility, XRD, neutron scattering, high pressure studies, 
and numerous other techniques. All of these measure- 
ments are in good agreement with those reported in the 
literature and indicate single phase, high quality crystals. 

The principal measurements reported here are carried 
out using a superconducting microwave cavity at 10GHz, 
with additional measurements at 2GHz and 18GHz. 
These experiments have been extensively utilized pre- 
viously for measuring a variety of materials, including 
superconducting cuprate, nickelate and borocarbide crys- 
tals jUU . Typical samples were 2x2x2 mm 3 in size. The 
anisotropic response was studied by orienting the sample 
with the microwave magnetic field parallel to one of 
the a, b, c crystal axes. In all of the measurements, the 
sample was placed in maximum microwave magnetic field 
and in zero microwave electric field. The cavity parame- 
ters can be related to the sample microwave susceptibility 
X by : /(0) - f(T) + iAf = a(6 X '(T) + i X "{T)), where 
/(T) is the resonant frequency, A/(T) is the width of the 
resonance, and a is a sample geometric factor. While the 
loss term x"(T) is measured absolutely, the technique 
yields changes Sx'{T) = x'{T) — x'(0) in susceptibility 
with very high precision. 

The microwave susceptibility Sx'jWGHz, T) and 
x'c (10GHz, T) versus T for Sri i Cu2AOn are shown in 
Fig.[j]. The subscript c indicates that the microwave 
field H u || c, i.e. parallel to the chains. Similar results 
were obtained on measurements of other crystal sam- 
ples of this material. The most striking feature of the 
data is the rapid drop with decreasing T in susceptibility 
Sx' c (lOGHz,T) below approximately 200K. This is ac- 
companied by a relatively sharp peak in x'c {10GHz, T), 
with a peak temperature of T p iqghz ~ 170K. It is worth 
noting that below the peak the absorption has dropped 
by nearly a factor of 100 between 170K and 100K. In- 
deed the rapid decreases in susceptibility (Sx' c ) and large 
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absorption(x") can be easily mistaken for a (broad) su- 
perconducting transition. 

Another striking aspect is a very strong frequency de- 
pendence. At 2GHz, the peak is shifted downward to 
T P 2GHz ~ 152K while at 18GHz it is shifted upwards to 
TpisGHz ~ 189i4T. The strong variation with frequency 
of the temperature dependence of Sx' c (f, T) and x"(f> ^) 
is shown in FigJ|. Due to differences in the techniques, 
the measurements at different frequencies are shown in 
arbitrary units. 

It is important to note that similar features are not 
observed in static and low frequency measurements, dc 
SQUID susceptibility measurements shown in Fig.|l| (in- 
set, bottom panel) are consistent with those available in 
the literature [|| and only indicate a gradual increase of 
the susceptibility with decreasing T. We have also mea- 
sured the susceptibility at lKHz and 3MHz and do not 
see these features. Thus the phenomenon seen in Fig.[l] 
is observable only at high frequencies in the microwave 
spectral range. 

We have carried out extensive measurements to check 
the validity of these remarkable results. Similar results 
were observed in 3 samples. In particular we have con- 
firmed that these data cannot arise from a purely re- 
sistive (eddy-current) sample size effect, since the resis- 
tivity increases with decreasing T, while the observed 
5x' c {WGHz, T) in Fig|l] can only be consistent with p(T) 
decreasing with decreasing T. (The eddy-current contri- 
bution is relevant at high temperatures and is included in 
the analysis later). Taken together these checks confirm 
that the observed phenomenon is magnetic and due to 
the spin system. 

Important insights can be gained by plotting the data 
as x'c vs - ^Xc> as shown in Fig.||. This so-called "arc- 
plot" can be regarded as the magnetic equivalent of a 
Cole-Cole plot used in dielectric spectroscopic studies of 
liquids Q. However here we are varying temperature 
as a parameter rather than frequency. The data show 
a dominant relaxation process represented by the nearly 
semi-circular arc for most of the temperature 100K to 
220-ftT, above which temperatures another process domi- 
nate. 

A close examination shows that the totality of our 
results can be expressed as X c (uj,T) — x CQ (w,T) + 
Xcp(v,T) + i x" 7 (T), where Xca(« Xcfl) represents a 
low temperature dimer contribution which is discussed 
later, Xcfi the loss peak and accompanying susceptibility 
transition in Fig.l and Fig. 3, and Xc-y the high temper- 
ature relaxation which we attribute to the eddy-current 
contribution arising from the finite resistivity. (See Fig.|l| 
top panel for the location in T of these processes). 

The eddy-current term due to the resistivity p(T) can 
be written as Xcy(T) = g(2a/5) |7), where g is a function 
of the ratio of the sample radius a and the skin depth 
S = (2p/ 'uj/io) 1 / 2 . While the exact expressions depend 
on the sample shape, we have carried out careful numer- 
ical analysis and verified that the present data are in the 
limit a << S, where x" ~ {2a/5) 2 /20. From the exper- 



imental data, we get x'c-y ~ l-5exp(— A CJ /kT), which is 
consistent with an activated resistivity p(T) with a gap 
value of A C7 = 1200-ftT, and is hence in reasonable agree- 
ment with typical dc resistivity measurements [||. Note 
that in this regime x' C7 << Xc-y The numerical esti- 
mates show that the Xcy process leads to a peak in x" 
at much higher temperatures >> 300i^, accompanied by 
a corresponding decrease in x'cy the same temperature. 

Subtracting the x" = 1.5exp(— 1200/T) contribution 
leads to a nearly pure relaxation x c /3 as is evident from 
the arc plot in Fig.||(bottom curve). We therefore analyze 
the results in terms of spin relaxation leading to a suscep- 
tibility x c/3 (w,T) = Ax/?/(l + iuoTp{T)). (Although the 
data of Fig. 3 do not lie exactly on a semi-circle, they are 
close enough to justify the use of a single relaxation time 
for convenience). As the relaxation time t(T) changes 
with T, a loss peak occurs in the absorption at the tem- 
perature T p when wr(T p ) = 1, i.e. when the relaxation 
rate (27TT(T p )) -1 crosses the measurement frequency /. 
This is accompanied by a net change of the susceptibility 
Ax/3- The sharpness of the peak is determined by the 
rate of variation of Tp with T.(Note that the peak in the 
measured x'c i s a * a different location than that inferred 
from x'c/3 because of the contribution of the 7 relaxation) . 

The relaxation time Tp(T) can be directly obtained 
from the data of Fig.| as t p {T) = ^{x'c, (T)/x' c0 (T))- 
This is shown in Fig.^ as the relaxation rate (2ttt/3 ) ~ 1 (T) . 
The relaxation rate tZ 1 ^) clearly drops dramatically in 
the vicinity of approximately 250X. The relaxation rate 
is due to spin-spin interactions and can therefore be re- 
lated to a spin fluctuation rms field Hi from the relation 
t = hj (8ngpBHi). Thus the data in Fig.|] indicate a 
rapid slowing of spin fluctuations below 250K leading to 
a sharp drop in the relaxation rate. The phenomenon 
represented by Fig. 1 is very similar to the "spin freezing 
transition" that is seen in probes of spin dynamics such 
as NMR (e.g. ref. p2|) and p,SR |^3| but characterized 
there by lower (MHz) frequencies. A key feature of our 
present experiments is the much higher frequency range 
and the direct coupling to the electron spins. 

There are several other experiments |l^Jl^,|l^] which 
have observed anomalies in the vicinity of 200K in 
SV 1 4 Cit 24 O41. NMR and NQR experiments |l5| reported 
that the Cu 3+ NMR signal splits into 2 peaks below 
~ 200K, suggesting the occurrence of charge ordering. 
Neutron scattering experiments JTof have reported charge 
ordering at 50if eventually disappearing close to 300isT. 
Cox et al., interpret their synchrotron X-ray scatter- 
ing results in terms of a charge-ordered model involving 
both dimerization between two next-neighbor Cu 2+ ions 
surrounding a Cu + ion on a Zhang-rice singlet site com- 
prised of a Cu 2+ ion and a hole on the surrounding O 
atoms, and dimerization between Cu 2+ ions, in the lin- 
ear Cu — O chains. Thus the NMR and synchrotron ra- 
diation experiments on SruCu2iOn are consistent with 
an ordered arrangement of Cu 2+ and Zhang- Rice sin- 
glets below approximately 300K . Such a spin ordering 
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reduces the spin susceptibility. However, our data shows 
that there is no static ordering, but only the a reduction 
in the rate of fluctuations of the spins. 

Further insight into the microscopic origin of this phe- 
nomenon can be achieved by comparing with our mea- 
surements of Sx' c {lOGHz, T) and x^l^GHz, T) versus T 
for SrCuOi- This is shown in Fig|5[ Although the mag- 
nitudes of the susceptibilities are a factor 10 2 lower in 
SrCu02, a weak peak is also observed, which is however 
not as sharp, indicating that the spin relaxation rate does 
not vary as strongly as in SruCu240 41, probably be- 
cause of the smaller hole density, and the absence of any 
reported charge ordering. It is worth noting that static 
susceptibility measurements on SrCuC>2 do not show any 
features at this temperature |]l3|,p|. Since a structural 
unit common to both is the zig-zag CuOi chain, the data 
suggests that this is the magnetic sub-unit that is dom- 
inant at these temperatures in both SrnCu2iOn and 
SrCu0 2 - 

In the zig-zag chains in SrCu02 both J\ (the 180° 
Cu - O - Cu AFM interaction) and J 2 (the nearly 90° 
FM interaction) are present. In SV14CW24O41 there is 
additional coupling ( J3) along the ladder rung. Competi- 
tion between J\, J2 and J3 could lead to frustration. The 
increase in the strength of the loss peak (Fig. 5) by or- 
ders of magnitude in 1SY14CU24O41 could possibly be due 
to enhanced frustration, besides the increasing hole den- 
sity, both leading to more dissipation. It has, recently, 
been suggested theoretically that the frustrated zigzag 
chain-ladder system possesses incommensurate spin cor- 
relations [^4). The present results (Fig. 5) suggest that 
incommensurate spin correlations in the zig-zag chains 
caused by frustration may also be responsible for the loss 
peak. 

The above conclusion is further confirmed by mea- 
surements on Sr2CuOs (Fig.||) which only possesses 
linear Cu — O chains and is regarded as an ideal 1- 
D Heisenberg AFM. Here the microwave measurements 
show only signatures of the 3-D static AFM order be- 
low Tn = 5.5K At high temperatures in the 
vicinity of 160 — 300-ftT the features discussed above in 
5 l ri4C , M2404iand SrCuC>2 are absent. 

We have studied the systematics of x(w,T) with 
Ca doping (see Figj5|). Focussing on the peak in 
x"p(10GHz,T) for the present, we find that it is shifted 
to a lower temperature 140K in SVi2Ca2Cu2404iwith 
greatly decreased amplitude. It is further shifted 
to a very broad, weak peak at around 110 K in 
Sr^Ca^,Cu2AOAi- In Sr2.zCaii.zCu 2 AOAi it is not visi- 
ble and is perhaps overwhelmed by a low temperature 
(Xca) process. An extensive discussion of these results 
of the doping dependence, as well as extensive stud- 
ies of anisotropy where the field \ \ b and a axes in 
Sri4^ x Ca x Cu2404i for x = 0, 2, 8, 11.5 will be provided 
in a detailed publication. 

The extraordinary sensitivity of the superconduct- 
ing cavity measurements enables us to see additional 
phenomena (which we call Xca) at low temperatures. 



This is evident from the semi-log plot in Fig|l](bottom 
panel), which reveals a low temperature feature in 
Sri 4 Cu2404i below about 100K. This temperature scale 
has been identified with singlet dimer formation in the 
CUO2 chains with a spin gap value 14QK, as has been ob- 
served in ac susceptibility and NMR/NQR studies [[L3| . 
As two neighboring Cu 2+ spins in the ID chains cou- 
ple antiferromagnetically to form a singlet, most of the 
Cu 2+ (S=l/2) spins among the comparable amount of 
Cu 3+ (S=0) ions will form dimers |l3|. This mechanism 
has been used to explain the dc magnetic susceptibil- 
ity jll| and is likely to be responsible here also for the 
low temperature features in Fig.[j], modified by frequency- 
dependent corrections. Note also that this is the first 
measurement of Xca an d hence spin relaxation at these 
temperatures. 

The present results show clearly the presence of spin 
relaxation mechanisms with time scales corresponding to 
the GHz frequency ranges. These results have a greater 
relevance to superconductivity in the cuprates since the 
presence of strongly T— dependent relaxation times is es- 
sential to understanding the microwave response of the 
cuprate superconductors [^J. The microwave measure- 
ments yield information on dynamics at short time scales 
10 -11 sec. and longer, comparable to NS but shorter 
than NMR and NQR (1CT 7 sec.) and fiSR (1CT 8 sec). 
Thus the present precision measurements are a new probe 
of spin dynamics in the form of a spin relaxation spec- 
troscopy in quantum magnets and superconductors. This 
will also require further theoretical developments, such 
as microscopic calculations of x(cj,T), to quantitatively 
describe the various interactions observed in the present 
work. 
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FIG. 1. (Top) Microwave susceptibility Sx' c (WGHz, T) and x'c(WGHz, T) versus T for Sr 1A Cu 2 AO A i ■ (Bottom) Semilog 
plot of the data in the top panel. The large dynamic range of the experiment is evident. Note the large drop in absorption, i.e. 
Xc- This plot also shows the low T Xca process below 100A". (Inset, bottom panel) dc susceptibility x(10 -3 emu/mole — Cu) 
which shows no features between WOK and 300K. 

FIG. 2. Sx' c (f,T) and x"(f,T) versus T for SV^CWCUi, at / = 2, 10 and 18 GHz. Note that the peak temperature is 
frequency dependent. 

FIG. 3. XcifjT) vs. Sx' c (f,T) at 10GHz using the data in Fig. 1. Note that temperature T is the parameter that is varied. 
This is equivalent to a Cole-Cole plot used in dielectric spectroscopy. The plot shows a dominant relaxation labelled (3 followed 
by another relaxation labelled j at higher temperature. The low T a relaxation is not visible on this scale. The bottom curve 
represents the data with the Xc 7 contribution subtracted out leaving a pure (3 relaxation. 

FIG. 4. Spin relaxation rate l/27rr^(T) vs. T obtained from the data of Fig. 1. 



FIG. 5. x'c(WGHz,T) versus T for Sr 2 Cu0 3 , SrCuQ 2 and Sr^CuuO^. 
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